Abstract. This study aims to better understand the effect of catchment scale and climate on the statistical properties of regional flood frequency distributions. A database of Lmoment ratios of annual maximum series (AMS) of peak discharges from Austria, Italy and Slovakia, involving a total of 813 catchments with more than 25 yr of record length is presented, together with mean annual precipitation (MAP) and basin area as catchment descriptors surrogates of climate and scale controls. A purely data-based investigation performed on the database shows that the generalized extreme value (GEV) distribution provides a better representation of the averaged sample L-moment ratios compared to the other distributions considered, for catchments with medium to higher values of MAP independently of catchment area, while the three-parameter lognormal distribution is probably a more appropriate choice for drier (lower MAP) intermediate-sized catchments, which presented higher skewness values. Sample L-moment ratios do not follow systematically any of the theoretical two-parameter distributions. In particular, the averaged values of L-coefficient of skewness (L-Cs) are always larger than Gumbel's fixed L-Cs. The results presented in this paper contribute to the progress in defining a set of "process-driven" pan-European flood frequency distributions and to assess possible effects of environmental change on its properties.
Introduction
The companion paper by Salinas et al. (2014) presents a newly established database of flood L-moments from 13 European countries. Based on a preliminary visual inspection and some basic averaging, the generalized extreme value (GEV) distribution appeared to be a potential pan-European flood frequency distribution. However, Monte Carlo simulations showed that there is not enough statistical evidence for the existence of a single three-parameter distribution suitable for representing flood frequency regimes all over Europe. This supports the fact of statistical model selection being a topical issue in hydrology and flood frequency analysis in particular (see e.g. Laio et al., 2009) . Literature shows recent advances on how to combine different theoretical models together to improve the representation of the local flood frequency regime through multimodel approaches when the reproduction provided by a single theoretical model is not satisfactory (Bogdanowicz, 2010; Kochanek et al., 2012) .
Concerning probabilistic model selection, Hosking and Wallis (1997) , Vogel and Fennessey (1993) and Peel et al. (2001) , among others, recommend using the L-moment ratio diagrams to guide the selection of the most suitable parent flood frequency distribution. L-moment ratio diagrams have been used for detecting suitable parents for a wide spectrum of geohydrological extremes (precipitation depths, flood flows, earthquake magnitudes and others) observed in different geographical contexts around the world (see e.g. Vogel and Wilson, 1996; Robson and Reed, 1999; Thompson et al., 2007) . In the hydrological application of L-moment ratio diagrams, and referring more specifically to flood frequency analysis, usage of these kind of diagrams requires sample statistics, which are unavailable or highly uncertain for ungauged or poorly gauged regions. This is one of the reasons why many authors have performed data-based analyses trying to find relationships between sample moments of the flood series and catchment descriptors. Among many others, Schaefer (1990) , Farquharson et al. (1992) , Meigh et al. (1997) , Blöschl and Sivapalan (1997) , Iacobellis et al. (2002) , Brath et al. (2003) , Merz and Blöschl (2003) , Di Baldassarre et al. (2006) , Merz and Blöschl (2009) , Padi et al. (2011) , and Viglione et al. (2012) have found regional relationships between sample moments (mainly mean annual flood and coefficient of variation) and catchment area, mean annual rainfall, and other lumped climatic indicators such as aridity. While this correlation may change due to local processes, there is more or less a consensus in the literature that the mean annual specific flood and coefficient of variation of peak annual discharges increase with decreasing catchment size, as well as with decreasing mean annual precipitation (MAP), although this last effect is more clear in arid climates. The current paper tries to go a step further and relate the catchment descriptors to the probabilistic model selection through their controls on the flood moments.
On an applied level, existing guidelines give recommendations on which statistical model, i.e. regional or local parent distribution, to use. This choice could have an important effect on the estimation of high return period flood quantiles due to the different behaviour of the tails of the distribution functions (see e.g. El Adlouni et al., 2008) . In some occasions, these recommendations are not justified by any evidence from the local data, or are simply inspired or adapted from analogue guidelines in other countries. Keeping in mind the need for a more effective use of existing data, a key scientific and practical challenge for improved risk assessment is a pan-European comparison and evaluation of the consistency of estimates across methods, physiographic regions and a variety of spatial scales in order to ensure comparable flood frequency estimates and safety measures across Europe, as requested by the Directive 2007/60/EC. In fact, it is of utmost importance for the implementation of the Flood Directive that state-of-the-art and harmonized methods are used to estimate extreme flood frequencies to obtain consistent values for locations where rivers cross national borders.
On the basis of these considerations, this paper addresses the two main scientific questions: can we quantify the main physical controls on the shape of the flood frequency distribution at a regional scale? Can we represent these controls graphically on L-moment ratio diagrams to guide the selection of suitable parent distribution on the basis of fundamental catchment descriptors? For this purpose, a subset of the data presented in Salinas et al. (2014) with a total of 1132 catchments from Austria, Italy, and Slovakia is used to study the control of commonly available physiographic and climatic characteristics (catchment size and mean annual precipitation) on the properties of the underlying probability distribution of flood flow.
Description of the data set
The analysis presented in this paper focuses on annual maximum series (AMS) of peak flow from three national databases, namely Austrian, Italian and Slovakian, and it addresses the control of catchment size and climate, respectively, on the flood frequency regime. In particular, the analysis considers catchment area and MAP as catchment descriptors for the three data sets. The flood data was shared in the frame of the FloodFreq COST Action ES0901 (Kjeldsen, 2011; Castellarin et al., 2012) and constitutes a subset of the database presented in Salinas et al. (2014) . The countries selected for this study were able to share not only the discharge data but the two catchment descriptors mentioned as well, while the rest of the countries had some kind of limitation in this sense.
On the choice of catchment area and mean annual precipitation, previous studies have proven them to exert significant control on the frequency regime of hydrological extremes (see e.g. Schaefer, 1990; Blöschl and Sivapalan, 1997; Brath et al., 2003; Di Baldassarre et al., 2006; Padi et al., 2011) . They can be regarded as lumped catchment descriptors used as surrogate covariates representing the spatially distributed and complex hydrological processes controlling the catchment flood response. Precisely, the area of the basin is an indicator of the scale interplays between catchment processes and rainfall (Blöschl and Sivapalan, 1995) , while mean annual precipitation acts as control of probabilistic behaviour of floods through its effect on antecedent soil moisture conditions (Sivapalan et al., 2005) , and also provides an indication about other local and atmospheric process.
When combined, the three national data sets consist of AMS from a total of 1132 catchments (Austria, 676 gauges; Italy, 282 gauges; and Slovakia, 174 gauges). Table 1 describes the data set in terms of catchment area, MAP, record length of annual maximum series (n), sample L-coefficient of variation (L-Cv), L-coefficient of skewness (L-Cs) and L-coefficient of kurtosis (L-Ck) for the case study. The geographical locations of the considered stream gauges are shown on the map in Fig. 1 . From a purely visual analysis, due to the lack of detailed information on the hydrological regimes, the database is dominated by catchments with humid and continental climates, with a big proportion of mountainous catchments (where snow is supposed to play a significant role, but could not be included in the analysis due to the lack of this kind of data), and only a small percentage of catchments that could be considered Mediterranean or arid located in Italy.
As illustrated in the scatterplot of between the two (i.e. sample Pearson coefficient is equal to −0.010, and the null hypothesis of zero correlation is associated with a p value of 0.732). It is worth noting here that, as illustrated in Fig. 2 , very large catchments (catchment areas larger than 10 000 km 2 ) are associated with medium MAP values (about 1200 mm yr −1 ). Therefore, very large catchments in the study area are neither "wetter" nor "drier" catchments ("wetter" and "drier" as defined in Sect. 3.1), and this is an important element for the analyses described in Sects. 3.1 and 3.2. As in the companion paper by Salinas et al. (2014) , the framework used to analyse the flood data is the L-moment environment, and, in particular, through the use of L-moment ratio diagrams. Both L-Cs-L-Cv and L-Cs-L-Ck diagrams are used, as several two-and three-parameter candidate distributions are investigated.
Results

Area and MAP control on sample L-moments
A detailed exploration was undertaken to better understand the controls on the flood frequency regime exerted by physiographic and climatological factors, represented here by area and MAP. To minimize the possible effects of sampling variability associated with short records when estimating higher-order sample L-moments (see e.g. Viglione, 2010) , the minimum record length was set to 25 yr of data, reducing the data set to a total of 813 catchments (Austria, 493 gauges; Italy, 151 gauges; and Slovakia, 169 gauges). The combined data set was divided into six smaller subsets based on thresholds defined as the 20 and 80 % quantiles of the catchment descriptor values. For convenience, the following subsets are defined to characterize the catchments according to size: smaller catchments (area < 55 km 2 ), intermediate catchments (55 km 2 < area < 730 km 2 ) and larger catchments (area > 730 km 2 ). Analogously, the catchments were classified based on MAP as drier catchments (MAP < 860 mm yr −1 ), medium catchments (860 mm yr −1 < MAP < 1420 mm yr −1 ) and wetter catchments (MAP > 1420 mm yr −1 ) (see also Fig. 2 ). The adjectives drier and wetter, and smaller and larger are relative to the distribution of wetness and sizes of the study data set. The 20 and 80 % quantiles were selected after a set of preliminary trials as they enabled us to enhance the representation of the peculiarities in the flood frequency regimes for drier against wetter and for larger against smaller catchments for the considered data set.
For each of the wetness and size subsets, the record length weighted moving average (WMA) values of samples L-Cv, L-Cs and L-Ck were computed using a window of 70 catchments, where the 70 neighbouring catchments were selected by taking the closest catchments in terms of the considered descriptor (area or MAP). For each sample of the 70 catchments, the associated WMA value was plotted against the corresponding mean of catchment descriptor (area or MAP) as shown in Fig. 3 for each of the six subsets. Note that in this context, each individual WMA value has a regional validity, as it is derived from a pooling group of 70 sites, defined based on the similarity in terms of catchment size and rainfall regime (MAP). For example, the first point of the yellow line in Fig. 3a represents a non-contiguous region with MAP < 860 mm yr −1 (drier catchments) and the 70 smallest sizes of the subset (in this case, catchment areas from 36 to 103 km 2 ). The minimum amount of information for each point, assuming serial and spatial independence of the stations, would correspond to 70 × 25 = 1750 stationyears of data. The width of the window (i.e. 70 sites) provides a trade-off between the desire to effectively identify and visualize larger-scale structures in the data set and local deviations from the averaging process, and the conflicting need to work on larger samples to reduce the effects of sampling uncertainty.
Considering the WMA values plotted in Fig. 3 , an observable feature is a general tendency for all the L-moment ratios to decrease with increasing area and MAP values. This is a result already reported in the literature for the case of conventional product moments, with special focus on scale effect on the coefficient of variation of the flood distribution (see e.g. Schaefer, 1990; Blöschl and Sivapalan, 1997; Brath et al., 2003; Merz and Blöschl, 2003; Di Baldassarre et al., 2006; Merz and Blöschl, 2009; Padi et al., 2011; Viglione et al., 2012). Farquharson et al. (1992) and Meigh et al. (1997) also found an increase of coefficient of variation and skewness with increasing aridity, which is consistent with this study, if one takes the lower MAP values as an indicator for a higher aridity. The largest gradients in Fig. 3 are observed for L-Cv, followed by L-Cs and, finally, L-Ck, confirming the lower variability of higher-order L-moments in space (see e.g. Hosking and Wallis, 1997) , and also showing that the lower-order L-moment ratios have a stronger link to catchment and climate properties than higher-order Lmoment ratios. It is also noticeable that the WMA lines are not evenly spaced, which indicates a degree of non-linearity between the flood characteristics and the catchment properties. This is particularly evident when considering L-Cv plotted against both catchment area and MAP in Figs. 3a and b, for L-Cs plotted against MAP (subsets defined based on area) in Fig. 3d and, to some extent, for L-Ck plotted against MAP (again, subsets defined based on area) in Fig. 3f . In addition to the general tendency of decreasing averaged L-moment ratios with increasing area and MAP values, an interesting feature is observed in the L-Cv versus area diagram in Fig. 3a . If one looks at the single stations (grey dots) there is an ascending-descending relationship of the L-Cv values with increasing area, with a maximum located around 100 km 2 . This was also found, among others, by Blöschl and Sivapalan (1997) and Iacobellis et al. (2002) in more regional contexts, and it is relevant to find it as well in the present study. 
Area and MAP control on regional flood frequency distribution
Acknowledging the influence of both catchment size and mean annual precipitation on the L-moment ratios, the next step in the analysis is to assess the impact of this influence on the underlying regional parent distribution of annual flood sequences. This investigation is based on the novel use of Lmoment ratio diagrams, which, in this context, are used to analyse the sensitivity of the choice of a parent distribution to the catchment and climate characteristics. The two types of L-moment ratio diagrams mentioned in Sect. 2 are used, namely (i) L-Cv-L-Cs and (ii) L-Cs-L-Ck. The former is used in this study for assessing the suitability of the commonly used two-parameter distributions of Gumbel (GUM), gamma (GAM), two-parameter lognormal (LN2) and exponential (EXP). The latter is used in connection with the threeparameter distributions generalized logistic (GLO), generalized extreme value (GEV), three-parameter log-normal (LN3) and Pearson type 3 (PE3). These distributions, presented in the companion paper by Salinas et al. (2014) , were found to be preferentially recommended in national guidelines for flood frequency estimation from several European countries (Castellarin et al., 2012) . The assessment of which statistical model fits better the averaged statistical properties of the sample was done visually based on the distance between the averaged sample L-moment ratios and the theoretical lines, as objective goodness of fit measures require the flood peak data (Laio, 2004) and, in this case, only the Lmoment ratios were available. 

Two-parameter distributions
The diagrams in Fig. 4 report the WMA values of L-Cs and L-Cv associated with a given average value of catchment area or MAP for the same moving windows for the 70 catchments defined in the previous section and shown in Fig. 3 , again stratified in smaller, intermediate and larger catchments (Fig. 4a) and wetter, medium and drier catchments (Fig. 4b) . To emphasize the influence of the catchment descriptors (i.e. area or MAP), the colour intensity of each plotted WMA value has been graded according to the value of the catchment descriptor that has not been used for the stratification, with increasing intensity for increasing de- Fig. 4b) . Sample values of L-moment ratios do not seem to follow systematically the shape of any of the lines representing the theoretical L-Cv and L-Cs relationships of the considered twoparameter distributions, but some WMA values tend to lie closer to the LN2 curve than to any other. This is the case for the intermediate-sized and medium MAP catchments of the data set (midintensity orange and midintensity green points in Figs. 4a and b, respectively) . The only subset for which sample values approach the statistical properties of the Gumbel distribution, and they do it towards the intersection with the LN2 curve, is for larger and medium MAP catchments (intense green points in Fig. 4b and, to some extent, midintensity brown points in Fig. 4a ). The subset corresponding to drier catchments presents the largest L-Cv and L-Cs values, while the smallest L-moment ratios are found for the subset of larger catchments lying as mentioned before closer to the Gumbel line than the rest of WMA values. Inside each subset (i.e. smaller, intermediate, larger, drier, medium or wetter basins) the intensity of gradation increases with decreasing L-Cv and L-Cs values. This means that for larger values of catchment area and MAP, lower regionally averaged values of L-Cv and L-Cs are expected. The gradients are clearer for the smaller and drier catchments (red and yellow points in Fig. 4) , while there is a slight increase of the WMA LCs values for wetter catchments inside the larger catchments subset. This could be attributed to the fact that, as pointed out in Sect. 2, all larger catchments have a similar averaged MAP value (between 1000-1400 mm yr −1 ) belonging to the same intermediate wetness subset and the differences in the rainfall regime are not big enough to draw conclusions about their control on the averaged L-Cs values inside the group. Figure 5a shows that the WMA values associated with larger catchments are located closer to the GEV line than to any other distribution, generally showing slightly higher LCk values than expected for a GEV distribution. For smaller catchments, the GEV is the distribution that best represents the statistical properties of the sample, being the scatter of points much closer to the theoretical curve than that from the subset of larger catchments. For intermediate-sized catchments, Fig. 5b highlights a strong control of MAP on the appropriate distribution; medium-sized catchments associated with high MAP values are situated closer the curve of the GEV distribution, while catchments with lower MAP values move towards the LN3 distribution. This implies that, for drier catchments inside the intermediate-sized subset, the distribution type shifts to a more skewed one (for the same L-Ck, the LN3 has higher L-Cs values than GEV). Figure 6a shows the WMA values for the two subsets including the drier and wetter catchments as defined by the MAP values. The WMA values associated with wetter catchments are located closer to the line defining the GEV distribution, suggesting that GEV is an appropriate distribution for wetter catchments more or less regardless of catchment size (as determined by the blue colour gradation). In contrast, the statistical properties of the drier catchments are better represented by the LN3 distribution, as also illustrated in Fig. 5b . Catchments with intermediate MAP values are associated with a larger range of L-Cs values depending on their size (see Fig. 6b ), and lie closer to the GEV line than to any other distribution considered, with a slight tendency for the smallest and largest catchments inside the subset to exhibit higher values of L-Ck than expected from a GEV distribution. Fig. 4 , the area and MAP control on the position of the relative WMA values between the subsets remain in Figs. 5 and 6, showing again higher averaged Lmoment ratio values when comparing smaller to larger catchments and drier to wetter catchments.
Three-parameter distributions
Analogously to
Discussion
Previous sections have highlighted the importance of linking the flood generation processes to the observed L-moment ratios of the annual maxima sequences, and the position of the regional averages at the diagrams, in order to understand from the differences between catchments in terms of underlying parent distributions. Two lumped-catchment descriptors are used as surrogate covariates representing the spatially distributed and complex hydrological processes controlling the catchment flood response. Precisely, the area of the basin is an indicator of the scale interplays between catchment processes and rainfall (Blöschl and Sivapalan, 1995) , while mean annual precipitation acts as control of probabilistic behaviour of floods through its effect on antecedent soil moisture conditions (Sivapalan et al., 2005) , and also provides an indication about other local and atmospheric process.
For example, low MAP values could indicate regions with prevalence for more localized and variable storms, usually flashier in time and with higher rainfall intensities. This higher between-years variability and skewed distribution of rainfall extreme intensities translates into higher L-Cv and L-Cs values of annual floods, as Figs. 4b and 6a suggest. In contrast, long-duration frontal or advective events, associated with larger spatial extensions and lower rainfall intensities, are expected at catchments presenting higher MAP values, more clearly shown in Fig. 6a . These two kinds of precipitation regimes will also have an effect on the co-evolution of landform with hydrological processes (Gaál et al., 2012) , in which rainfall plays an important role at multiple timescales. The variability of flood magnitude between years, and the Lcoefficient of variation as a measure of this variability, tends to be higher in smaller and intermediate-sized catchments, compared to the larger ones, as shown in Fig. 4 . The main reasons are both the spatial heterogeneity of rainfall and the interaction between the spatial and temporal scales of rainfall and catchment size taking place. This interplay causes the catchment to resonate with storms of similar spatio-temporal extension. In the case of smaller basins this corresponds to short duration, high intensity, spatially concentrated storms (i.e. convective events or flash floods), which are also typical of drier climates; while in larger catchments the resonance appears with longer storms, usually associated with lower intensities, with a bigger spatial extension (i.e. advective or frontal events), more typical of wetter environments (see e.g. Blöschl and Sivapalan, 1995; Sivapalan and Blöschl, 1998) . These two differentiated regimes for rainfall extremes willintermediate 600 1700
M A P (mm yrdrier wettercause not only a higher L-coefficient of variation but also a higher L-coefficient of skewness in the flood distributions for smaller and drier catchments compared to the larger and wetter ones, as shown in Fig. 5a . Aside from precipitation input, other catchment processes can also play an important role in shaping the properties of the flood distribution. The presence of non-linearities in runoff production and routing in smaller, drier basins (Medici et al., 2008) in contrast to the aggregation of processes in larger catchments (Sivapalan et al., 2002) will translate in decreasing values of L-Cv and L-Cs with increasing values of MAP and, more strongly, catchment size. One visible consequence of the higher dispersion and skewness of the flood frequency distributions with decreasing catchment area and increasing aridity is the fact that predicting flood magnitudes and exceedance probabilities in ungauged basins is more difficult in smaller, more arid catchments, as compared to bigger, less arid ones (see e.g. Salinas et al., 2013) . Therefore, the main findings from the analysis presented in the previous sections need to be interpreted in a hydrological
The original utilization of the traditional L-moment ratio diagrams presented in this study, in conjunction with a more refined characterization of European catchments based upon a richer catchment descriptor data set, could also contribute to better understanding the modifications in flood hazard resulting from different sources of environmental change, and to move further towards the definition of a set of "processdriven" pan-European flood frequency distributions.
